Abstract: The mechanical behavior of elastomeric foam, in particular, Ethylene Propylene Diene Methyle (EPDM ) and crushable foams, in particular, Expanded Poly-Propylene (EPP) and Poly Urthane Rigid (PUR), under low-velocity impact are studied experimentally and numerically. At first, these foams were loaded under quasi-static loading in compression. In order to study the dependence of their behavior on strain rate, the loadings were performed in two rates, 3 mm/min and 100 mm/min. The low-velocity impact tests were applied using a drop hammer testing machine. The drop heights of projectile in all tests were 0.5 and 1 m. The thickness effect of specimens on absorption of energy and parameters such as, contact force and displacement of specimens are discussed. Then, the dynamic factors of force and energy for three types of foam are investigated. Since, EPP showed an insensitive property to the thickness of specimen in the impact tests, it is possible to define dynamic factors for different thickness of this type of foam. Finally, all test results are compared with numerical results through implementation of ABAQUS finite element package. Good agreements between numerical results and experimental data show the capability of numerical modeling to fulfill the experimental investigation.
Introduction
Elastomeric foams are widely used for vibration isolation, as a material for kinetic energy dissipation and as a padding to separate neighboring components in electronic consumer products that may experience accidental impact loads [1] . Crushable foams are widely applied in the automotive industry to prevent injuries to the occupants in the event of front or side collisions. The use of these materials results in a significant improvement in the passive safety of the vehicle, owning to their excellent energy dissipation * E-mail: mojtaba@aut.ac.ir properties [2] . Basically, stress-strain curve of foam under compression in quasi-static loading along one direction is formed from three definite regions including: linear elastic, plateau and densification, see Figure 1 . At small strains, usually less than 5%, the behavior is linear elastic with a slope equal to the Young modulus of the foam. The foam deforms in a linear elastic manner due to cell wall bending. As the load increases, the foam cells begin to collapse, depending on mechanical properties, by one of these cases: 1-elastic buckling for elastomeric foams such as EPDM. 2-Plastic yielding and therefore, forming of plastic hinges for crushable foams such as EPP and PUR. Collapse progresses at roughly constant load giving a stress plateau, until the opposing walls in the cells meet and touch when densification causes the stress to increase rapidly [3] [4] [5] . Figure 1 . A typical stress-strain curve of a foam [6] .
Avalle et al. [2] performed experiments to describe the mechanical behavior of many types of crushable foams such as EPP, PUR and PS/PA under static and impact loading experimentally and determined that the peak energy absorption of foams occurs in maximum stress. Liu et al. [7] investigated the mechanical behavior of a low density bread crumb under penetration with finite element method and used HYPER FOAM model in ABAQUS finite element package for their analysis. With the axisymmetric indentation FEA model, the load-displacement curves generated from cylindrical indentation were well predicted, whereas those from spherical indenters were under-predicted. Yang and Shim [1] performed dynamic compression loadings by Split Hopkinson machine to study compatibility model of finite deformation for two types of elastomeric polyurethane with various densities. Bios and Koesters [8] performed comparative analysis for three types of polymeric materials as incompressible elastomers, compressible foams and thermoplastics and applied quasi-static and dynamic loadings by Drop hammer machine. Feng et al. [9] , described impact behavior of hyperelastic materials by using Ogden model and determined that the physical energy dissipation due to friction is quantitatively. Feng and Vallee [10] investigated finite deformation of hyperelastic materials under low-velocity impact with third-order hyperelasticity theory. They showed that the total energy is well conserved for frictionless contact. Also they declared that the dissipated energy is not a monotonic function of the friction coefficient. Dawson [11] studied the dynamic response of low-density, reticulated elastomeric foam impregnated with Newtonian and non-Newtonian fluids. Ko [12] investigated the elastomeric pad attenuation of hand-transmitted vibration. Shim et al. [13] studied two-dimensional response of crushable polyurethane foam to low velocity impact numerically and experimentally. The effects of impact velocity and geometry on the deformation and energy absorbed were studied. A two-dimensional numerical model was proposed to simulate the gross deformation induced in the impact process. Rizov [14] investigated the low-velocity impact behavior of two densities of ductile polyvinylchloride (PVC) foam experimentally. Low-velocity impact tests were carried out on foam beam and panel specimens. A drop-weight rig was used to carry out the impact tests. The observation showed that the dynamic crushing (as a result of localized impact) of cellular foams studied was characterized with concentration of plastic deformation into a relatively thin layer or brand. Moreu et al. [15] analyzed the compressive impact response of twoand three-dimensional truncated pyramidal polystyrene foam shapes, of the type used in protective packaging numerically. Rizov [16] studied the elastic-plastic behavior of closed-cell cellular foams subjected to point and line static loads both experimentally and numerically. Two types of Divinicell foam (H60 and H100) were studied. Static indentation tests of foam panels and beams were performed. The geometrical non-linearity was also taken into account and in order to predict the instant magnitude of the residual dent, both indentation and unloading phases were simulated. Rizov [17] investigated the local crushing of Divinycell HCP100 structural foam under low-velocity impact both experimentally and numerically. The HCP100 foam is modeled as an elastic-plastic material with hardening. An extensive creep response was observed in the post-impact period due to the relaxation of the crushed foam.
Since there are few reports in literature about impact strength and properties of elastomeric and crushable foams that are used in bumper of vehicles, this study focuses on investigation of the mechanical behavior of elastomeric EPDM foam which is used as an impact padding and crushable foams, in particular, EPP and PUR, which are applied in bumper of PEUGEOT and a Korean car (PRIDE) respectively. First, in order to study the dependence of these foams behavior to strain rate, quasi-static loadings were performed in two rates, 3 mm/min and 100 mm/min. The low-velocity impact tests were applied using a drop hammer testing machine. The drop heights of projectile in all of tests were 0.5 and 1 m. Two goals are followed: first, examining of the thickness effect of specimens on energy absorption and parameters such as, contact force and displacement of specimens, second, possibility of defining the dynamic factors for these three types of foams. Also, numerical modeling is followed through implementation ABAQUS finite element package to fulfill the experimental results.
Description of the specimens and test procedures are summarized in Table 1 .
Experimental investigation 2.1. Quasi-static tests
Since the mechanical properties of foams are sensitive to strain rate, the purpose of this section is to study the dependence of mechanical behavior on the rate of loadings. So, the quasi-static experiments were performed in two rates: 3 mm/min and 100 mm/min.
The specimens of elastomeric EPDM foams were selected according to ASTM 1 , D5308-92 code [18] . Specimens were prepared in dimensions of 50 mm in the length and width and 7 mm in the thickness. According to the above standard code, for each of loading rate, three specimens were loaded and the average of the stress-strain data are 1 American standard test methods. The specimens of crushable EPP and PUR foams were selected according to ASTM, D1621/94 code [19] , see Figures 2 and 3. Specimens were prepared in dimensions of 50 mm in length and width and 30 mm in the thickness. According to the above standard code, for each of the loading rate, six specimens were loaded and the average of the stress-strain data are reported as a mechanical behavior for EPP and PUR foams. The density of crushable foams are 52 kg/m 3 and 76 kg/m 3 for EPP and PUR, respectively. The quasi-static loadings were applied by ZWICK testing machine, see Figure 4 . The machine input data are dimensions, rate of loading and peak displacement of specimens. In all cases, the peak displacements were adjusted to %80 thickness of the specimens. The mechanical behavior of elastomeric EPDM foam and crushable EPP and PUR foams in two loading rates are shown in Figures 5-7 . The results include overall three regions of stress-strain curves of foams, except for EPDM, in which due to different performance of its cells, only two parts are evident. The comparisons of the results reveal that sensitivity of PUR to strain rate is more than two others and the lowest one pertain to EPP.
Low-velocity impact tests

General features
The experimental system consists of two parts as are shown in Figure 8 . One is the projectile, which is a cylindrical steel disk and its mass is 3.485 kg and the second part is the specimen. The low-velocity impact tests were performed using the drop hammer testing machine, see Figure 9 . In all tests the drop heights of projectile were 0.5 and 1 m. Therefore the initial velocities of the projectile before striking were 3.13 m/s and 4.4 m/s, respectively. The results in terms of contact force and displacement of EPDM foam for two drop heights are shown in Figure 10a . They reveal that with increasing the drop height, peak displacement of the specimen is increased (A, C) but residual displacement at the separation moment of projectile is reduced (B, D) . Also, the difference between (A) and (C) shows that elastomeric foams are very sensitive to the strain rate. The results in terms of absorbed energy versus displacement of three types of foams are depicted in Figures 10b-12b . As the comparison of returned displacements (traces A-B and C-D) in three types of foams, it can be observed that in EPDM, increasing the drop height increases the returned displacement extremely due to hyperelasticity property of it, whereas this increase is low for crushable foams [20] . Also, the results in terms of contact force and absorbing energy against displacement of PUR and EPP foams are depicted in Figures 11-12 , respectively.
The thickness effect
The effects of specimen thickness in terms of contact force, absorbing energy and contact time for crushable PUR and EPP foams are appeared in Figures 13-15 . According to these results, with increasing the specimen thickness the peak contact force is reduced but the contact time, peak displacement and residual displacement in the separation moment increase. However, these differences for EPP are very low and are not considerable as shown in Figure 15 . As it could be seen from Figure 13 , the contact force for thin foam, at initial times of contact is lower than for thicker foam, since the projectile should compress lower layers, whereas later, the contact force will be higher for thin foam due to the fact that densification part starts earlier compared to thick foam. It is worth full to note that the effect of specimen thickness on EPP performance is not considerable, see Figure 13b . It may be relevant to the previous property that was reported in the Section 2.1 that EPP shows the lowest dependency to the strain rate.
The profile of compression of layers will be discussed in the next section.
Dynamic factors
In order to compare the peak contact force and absorbing energy between low-velocity impact and quasi-static loading, dynamic factors of contact force and absorbing energy are introduced. The contact force dynamic factor is defined as:
F I and F S are the peak contact forces in low-velocity impact and the force in static loading at the same displacement as in peak force of impact loading, respectively. Also, the absorbing energy dynamic coefficient is determined as:
E I and E S are the absorbing energies in low-velocity impact and static loading, respectively. The results involving all terms of dynamic factors of contact force and absorbing energy for three kinds of foams are listed in Table 2 . In this study, the required parameters for defining dynamic factors, i.e. forces and energies, in dynamic and static cases are estimated at the same level of displacement. Since the mechanical behavior of EPP has low dependence to rate of loading, there is no significant difference between dynamic factors in each thickness. So it could be possible to define simply these constant factors for crushable EPP foams. Whereas, the results reveal that the elastomeric EPDM and crushable PUR foams are very sensitive to rate of loading, such that dependence of dynamic factors on rate of loading are considerable. Therefore, it is not possible to define a reliable and simple value for dynamic factor for EPDM and PUR. i.e. for these two types of foams, dynamic factors are related to many parameters which one of them is the thickness of specimen.
Numerical results
Procedure and verification
In order to have a wider investigation on mechanical behavior of elastomeric EPDM and crushable EPP and PUR foams under low-velocity impact, a detailed numerical analysis has been conducted. A complete model of the system involving projectile and target was meshed and simulated by ABAQUS eight -node three dimensional elasticity element (C3D8). Since the behavior of elastomeric foams follows the theory of hyperelasticity, ABAQUS suggests that HYPER FOAM option should be used for modeling of the material properties of EPDM. This option is based on ogden strain energy. As the coefficients of this strain energy is not accessible, ABAQUS suggests it is necessary to use stress-strain test data due to quasi-static loading, Figure 5 , to define the mechanical behavior of EPDM [21] . Also, for EPP and PUR, the LINEAR ELASTIC and CRUSHABLE FOAM HARDENING options are applied to describe elastic and plastic behaviors, respectively [22] . In order to describe the mechanical behavior of them, Young's modulus and Poisson ratio are defined in the LINEAR ELASTIC option to model elastic part response of the foams. The stress-strain points in plastic region of crushable foams that were obtained from quasi-static loading, Figure 6 and 7, are modeled in CRUSHABLE FOAM HARDENING option to describe plastic response of them. The "coordinates" of these points (in terms of nominal engineering, stresses σ and strain ε ) were transformed into true (Cauchy) stress σ and volumetric logarithmic plastic strain ε V by the relations [16] :
Where the σ is the uniaxial yield stress and E is Young's modulus. A lumped mass was associated on the reference point (R.P), see Figure 8 , in order to achieve a definite kinetic energy of the projectile. Figure 16 shows that FEM results are close to the experimental results. This suggests that the numerical procedure is reliable. The material and element properties of finite element modeling are described in Table 3 . 
Compression profile
To investigate the profile of compression of the specimens, deformation of specified nodes across the thickness for three types of foams are plotted versus time and are shown in Figure 17 . It is clear that the top layers have higher deformation than lower layers. The same phenomenon was observed by the authors in the quasi-static loading of foams [23] . Figure 17 depict that the compression of layers for EPP and PUR are uniform, while this compression for EPDM is not uniform. Also, for both crushable foams, residual deformation after about 4 ms are evident, indicating their plastic behavior, whereas EPDM shows no residual deformation as it is an elastomeric foam. 
Conclusion
The mechanical behavior of elastomeric and crushable foams under low-velocity impact are investigated experimentally and numerically. In particular, strain rate sensitivity and the thickness effects on the low-velocity impact response are examined. Also, the possibility of defining dynamic factors for three types of materials are discussed. For the EPP type, that does not show considerable strain rate dependency. it has been shown that increasing the thickness of specimens does not change the impact properties considerably. Therefore, it is possible to define dynamic factors to predict impact properties based on static characteristics for different thicknesses of EPP specimen. Unlike, for the other two types which are strain rate dependent, there are not constant dynamic factors for different thicknesses. In these types of foams, changing the thickness, affects on peak contact force, contact time, peak displacement and absorbing energy under impact loading considerably. By numerical modeling it is concluded that compression profile of foams are such that the displacement of upper face is higher than lower layers and it reduces gradually up to zero at the base plate.
